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INTRODUCTION
RNA editing in plant organelles causes post-transcriptional C-to-U changes in transcripts (Barkan and Small, 2014) . In flowering plants, chloroplast transcriptomes have approximately 35 C-to-U editing sites (Chateigner-Boutin and Small, 2007) , and over 600 Cs are edited in Arabidopsis mitochondria (Bentolila et al., 2008 . In general, editing results in non-synonymous amino acid substitutions that convert aberrant codons to the evolutionarily conserved sequences (Gualberto et al., 1989) . The primary role of RNA editing in higher plant organelles appears to be a genetic correction mechanism required for the functional expression of the organelle genomes (Sun et al., 2016) . Multiple proteins are required for RNA editing in higher plants. Among them are members of the pentatricopeptide repeat (PPR) protein family (Sun et al., 2016) , the RNA Editing Interacting Protein/Multiple Organellar RNA Editing Factor (RIP/MORF) family (Bentolila et al., 2012 Takenaka et al., 2012) , the Organelle RNA Recognition Motifcontaining protein (ORRM) family (Sun et al., 2013) , and the Organelle Zinc finger editing factor (OZ) family .
Pentatricopeptide repeat proteins are typically composed of about 10 to 20 tandem repeats of a 35 amino acid motif known as the P repeat. Through computational and biochemical analysis, a PPR code has been developed that predicts modular RNA sequence recognition by conserved residues in each repeat (Barkan et al., 2012; Takenaka et al., 2013a; Yagi et al., 2013) . Furthermore, structural analyses have demonstrated that PPR proteins form superhelical structures with residues that bind RNA on the inner surface of the helix Ke et al., 2013; Yin et al., 2013) . These structural analyses confirmed the general features of the PPR-RNA complex predicted by the PPR code, including modular binding and the detailed participation of polar amino acid side chains at residues 5 and 35 of each P motif in nucleotide recognition.
Pentatricopeptide repeat proteins have well defined roles in RNA processing, including but not limited to RNA editing. Specifically, members of PLS subfamily are the best characterized RNA-editing factors. The N-terminal repeat region of these proteins contain the characteristic 35 amino acid P repeat as well as long (L) and short (S) variants . The PPR code has been extended to this PLS subfamily (Takenaka et al., 2013a; Yagi et al., 2013) , predicting recognition of RNA sequences that is similar to the code developed for the P subfamily (Kindgren et al., 2015) . The PLS subfamily of PPR proteins also includes characteristic C-terminal domains known as the E and DYW domains Cheng et al., 2016) . While the E domain contains two degenerate PPR repeats (Cheng et al., 2016) whose function remains unclear, it does not appear to contribute to RNA binding (Okuda et al., 2014) . The E domain is, however, involved in PPR-RIP/MORF interactions and therefore the formation of high-molecularweight RNA-editing complexes (Chateigner-Boutin et al., 2013; Ramos-Vega et al., 2015) . The DYW domain has key features of editing deaminases. These features include canonical zinc-binding motifs (HXE, CXXC), the presence of a zinc prosthetic group, and a conserved catalytic glutamate residue within the HXE motif (Iyer et al., 2011) . The conserved glutamate residue is catalytically involved in the deamination mechanism of bacterial cytidine deaminase. Requirement of this conserved glutamate residue is a key characteristic expected for an editing deaminase (Hayes et al., 2013 (Hayes et al., , 2015 Boussardon et al., 2014; Wagoner et al., 2015) .
The function of the DYW domain in the editing reaction remains controversial because several observations defy a simple role for the DYW domain as the editing deaminase. First, in Arabidopsis, there is considerable diversity in the protein architecture of the PLS subfamily -intact DYW domains are present in about 40% of these proteins, while the remaining members have a C-terminus that includes the E domain but completely lack the deaminase-like features of the DYW domain (Cheng et al., 2016) . Second, of the 20 PPR proteins characterized as chloroplast editing factors, six (30%) are E type and lack the DYW domain, while the remaining 14 include a DYW domain. Third, several investigators have reported truncated PPR genes that maintain the PG box (Okuda et al., 2007; Hayes et al., 2013) eliminated the deaminase features of DYW domain, and ultimately lead to genes that are fully functional in editing in a null background. Fourth, the DYW domain is unstable in evolution. Truncation of the DYW domain occurred in a chloroplast PPR gene, OTP82, in the lineage to the Brassicaceae (Hayes et al., 2012) . In addition, MEF3 experienced a similar truncation of the DYW domain (Verbitskiy et al., 2012a) . Thus, the DYW domain is dispensable based on experimental and evolutionary observations, and the remainder of the PPR gene is sufficient to supply gene function for RNA editing.
Our laboratories and others have posited a resolution of these observations. We propose the recruitment of a deaminase that acts in trans to supply the deamination activity in an editing complex (Zehrmann et al., 2011; Takenaka et al., 2013b; Hayes et al., 2015) . In this model, the Nterminal PLS repeat domain functions in RNA binding and sequence recognition to provide editing site specificity. The catalytic activity can be provided by the C-terminal DYW domain in cis by the same protein, or in trans by another PPR-DYW protein recruited to an editing complex (Sun et al., 2016) . This model assumes PPR proteins could participate with distinct and potentially separable functions of site specificity and deamination, which was partially demonstrated in the editing of ndhD C2 by CRR4 and DYW1 (Boussardon et al., 2012) in Arabidopsis chloroplasts. CRR4, an E type PLS PPR protein lacking a C-terminal DYW domain, acts as an editing site recognition factor, while DYW1, a DYW domain PPR protein with a degenerate PLS repeat domain, has key features of an editing deaminase (Boussardon et al., 2012 (Boussardon et al., , 2014 .
In this study, we have performed a detailed analysis of the role of MEF8 in mitochondrial editing in Arabidopsis. MEF8 was selected for this analysis because it has an unusually small PLS repeat domain composed of five repeats, and the domain may be too small to effectively act in editing site recognition. MEF8 was previously shown to affect editing of two mitochondrial editing sites in Arabidopsis (Verbitskiy et al., 2012b) . In this report, we utilize strand-and transcript-specific PCR-seq (STS PCR-seq) , to comprehensively analyse editing in the Arabidopsis mitochondrial and chloroplast transcriptomes and show that mef8 T-DNA insertional mutant plants (hereafter, mef8 mutant) exhibit decreased editing at 38 mitochondrial editing sites, including the two previously discovered sites, and increased editing at 24 mitochondrial sites. In the overwhelming majority of cases, the mef8 mutant phenotype is characterized by a partial loss in editing; in contrast, T-DNA insertion into most PPR genes required for RNA editing in plastids or in mitochondria results in a complete loss of editing activity at a small number of sites. Mutagenesis of the glutamate residue in the conserved HXE motif, which is proposed to be catalytically required for deamination activity, recapitulates the partial losses in editing activity observed in mef8 mutant plants except for the defective sites on the matR transcript. The glutamate residue in the HXE motif is dispensable for the inhibitory effect of MEF8 on mitochondrial editing. The majority of sites showing an increase in the mef8 mutant plant, experience a decrease of editing extent in the transgenic lines transformed with the mutated MEF8 (HXA). Thus, MEF8 participates in the editing of approximately 11% of the mitochondrial editing sites. Based on the requirement for glutamate in the HXE motif and the direction of the effect on editing extent, MEF8 appears to participate in three different ways in mitochondrial editing: stimulatory on its main targets and glutamate-dependent, stimulatory and glutamate-independent on the matR transcript, and inhibitory and glutamate-independent.
RESULTS

MEF8 mutation causes both mitochondrial decrease and increase of editing extent
We used a next-generation sequencing-based methodology named STS-PCR-seq to survey the editome in the mef8 mutant and the wild-type plants . Two biological replicates were assayed per genotype. The statistical test to declare the presence of an editing site has been outlined previously Shi et al., 2015) and resulted in the identification of 612 editing sites, among which 576 are mitochondrial and 36 are plastid (Table S1 ). The insertion of the T-DNA in the mef8 mutant is located upstream of the PPRs and results in a null allele, as no detectable level of MEF8 expression was observed by qRT-PCR in the mef8 mutant ( Figure S1 ).
Thirty-eight mitochondrial sites, or 7% of all the mitochondrial sites surveyed, exhibited a significant reduction of editing extent in the mef8 mutant plants when compared with the wild-type plant (cf. experimental procedures for an explanation of the statistical tests, Figure 1a and Table S2) . Surprisingly, 24 sites, or 4% of all the mitochondrial surveyed, showed a significant increase of editing extent in the mef8 mutant plant (Figure 1b and Table S3 ). Combining both of these categories, 62 mitochondrial sites, or 11% of all the sites surveyed, experienced a significant variation of their editing extent in the mef8 mutant plant. Examination of the sites for which editing extent is decreased in the mef8 mutant plant revealed an enrichment in sites located in the matR transcript. Among the 13 sites showing the most pronounced decrease of editing extent in the mef8 mutant, four sites belong to the matR transcript ( Figure 1a ). This observation prompted us to focus our attention on the effect of mef8 mutation specifically on the editing extent of the sites found in the matR transcript. Seven of the 11 sites in the matR transcript have their editing extents significantly reduced in the mef8 mutant plants (Figure 2a ). The reduction of editing extent is not constant along the matR transcript, as it shows three peaks at position 1596, 1751, and 1807 and is not significant towards the extremities of the transcript (Figure 2b ).
To examine how MEF8 affects editing, we analysed the distribution of the affected C targets in different transcripts by calculating the percentage of affected edited sites per transcript in the mef8 mutant plant. This distribution was reported according to which complex the affected transcript belongs ( Figure S2a ). Examination of Figure S2 (a) shows that even though there is variation within a complex, the average of the percentage of affected sites/complex is quite similar to the overall average of ca. 10%. MatR stands out as the only noticeable outlier with around 60% of its sites affected in the mef8 mutant. MEF8 mutation affects the editing extent of sites distributed on 23 transcripts ( Figure S2a ). We also divided the sites that show editing changes upon MEF8 mutation into two subgroups: one group that experiences reduced editing and one group that exhibits increased editing in the mef8 mutant ( Figure S2b,c) . The reduction of editing extent is rather evenly distributed and occurs in 19 transcripts, while an increase of editing is restricted to nine transcripts (Figure S2b, c) . The majority of transcripts affected by the mef8 T-DNA insertional mutation experienced either a reduction of editing extent of all their sites like matR or an increase of editing extent of all their sites like ccmB. Only five transcripts, ccmFc, nad2, nad4, nad7, and rpl16 possess both sites experiencing either a reduction or an increase of editing extent in the mef8 mutant (Figure S2b, c) .
Although MEF8 is predicted to be targeted to the mitochondrion by both TargetP (Emanuelsson et al., 2000) and Predotar (Small et al., 2004) , and that most of the editing variation in the mef8 mutant occur in the mitochondrial editome, we found three plastid sites with a significant change of editing extent in the mef8 mutant plant (Figure S3) . It is likely that this effect is indirectly caused by altered mitochondrial function, as these sites tend to show significant variation in other mitochondrial mutants, accD C1568 and ndhD C2 in orrm4 (Shi et al., 2016) , rpoC1-488 in rip3-2 .
A mutated MEF8 is able to complement only a quarter of the defective editing sites
We transformed the mef8 mutant with a construct expressing a mutated version of the MEF8 protein under the control of a 35S promoter. The mutation replaced the putatively catalytic glutamate of the HXE motif found in the DYW domain by an alanine (HXE ? HXA). The transgenic plant will be referred as HXA in what follows. We analysed two independent transgenic plants. The level of expression of the transgene in the transformed mutants was around seven times higher than the wild-type gene ( Figure S1 ). Among the 38 mitochondrial defective sites that show a reduction of editing extent in the mef8 mutant, only 10 sites, or about one-quarter, exhibited a significant increase in the editing extent in at least one HXA transgenic plant (Table S2 ). The HXA mutant protein has no effect on the majority of the sites with reduced editing in the mef8 mutant, in particular ccmFc C333, the main target of MEF8 (Figure 3 ). The editing extent at ccmFc C333 remains at 3% in HXA transgenic plants, the same value as in the mef8 mutant (Table S2 and Figure 3 ). In contrast, all seven sites with reduced editing on the matR transcript are partially or fully complemented by the mutated MEF8 (HXA) (Table S2 and Figure S4 ). Three sites, nad5-intron C141949, cox2 C557, and nad5 C676 show a significant reduction in their editing extent of the HXA transgenic plants when compared to the mef8 mutant plant (Table S2 and Figure 3 ). As a positive control for the ability to complement the decreased editing in the mef8 mutant, we transformed this mutant with the wild-type MEF8. In each case, the wild-type MEF8 gene partially or fully restored editing extent in the mef8 mutant ( Figure 3 ). Two-thirds of the editing sites showing an increase of editing extent in the mef8 mutant are complemented by the mutated MEF8
The behaviour of the 24 sites whose editing extent was significantly increased in the mef8 mutant was analysed in the HXA transgenic plants. Thirteen of these sites (54%) showed a significant reduction of their editing extent in both HXA transgenic plants, while 16 sites (67%) exhibited a significant reduction in at least one HXA transgenic plant (Table S3 , Figure 4) . Contrary to what was observed with the sites with decreased editing in the matR transcript, which were all complemented by the overexpression of the mutated MEF8 (HXA), the effect of the complementation on these sites depends on the transcript considered. All the sites in rpl16 exhibited a significant reduction of their editing extent in the HXA transgenics, while some sites in ccmB, and none of the sites in nad3 was complemented by the mutated MEF8 (HXA) ( Table S3 ).
Overexpression of a mutated MEF8 reduces editing extent at many sites
Another striking observation is the number of mitochondrial sites whose editing extent was significantly reduced in the HXA transgenic plants when compared with the mef8 T-DNA insertional mutant. This is an important observation because overexpression of a catalytically non-functional MEF8 (HXA) could result in the formation of editing complexes with a non-functional DYW domain and a reduction of the extent of editing. The editing extent of 72 sites was reduced in at least one HXA transgenic plant; among those, 16 showed a significant increase in the mef8 T-DNA insertional mutant plant when compared with the wild-type, while 56 were invariant in the mef8 T-DNA insertional mutant plant (Table S4 and Figure S5 ). The reduction of editing extent in the HXA transgenic plant occured mostly on transcripts encoding the complex I and ribosomal proteins ( Figure S5 ). For instance, rps3, rps4 and rps7 possess several sites whose editing extent was significantly reduced in the HXA transgenic plant while the difference in editing extent at those sites between the mutant and the wild-type was not significant (Table S4 and Figure S5 ). At these sites, overexpressing the mutated MEF8 HXA caused a reduction in editing extent which is more pronounced than the one observed in the wild-type. As an illustration if we consider rps3 C603, the average editing extent in the wild-type is 83% vs. 89% for the mef8 mutant; however the editing extent drops to 73% in the HXA plants (Table S4) .
In contrast, overexpression of the mutated MEF8 HXA did not have the same impact on the number of sites whose editing extent was significantly increased in the HXA transgenic plants. Sixteen sites showed an increase in editing extent in at least one HXA plant; among these sites, 10 showed a significant decrease in the mef8 mutant plant when compared with the wild-type, while only six were invariant in the mef8 mutant plant (Table S5) . If the impact of overexpressing the mutated MEF8 HXA on increasing the editing extent of certain sites was the same as the effect on decreasing the editing extent of other sites, we would have expected 35 sites (according to the ratio 56/ 16 9 10) with an increase of editing extent in the HXA transgenic while invariant in the mef8 mutant.
The steady state level of mitochondrial transcripts is similarly increased in both the mef8 mutant and the HXA transgenic plants compared to the wild-type plants Because RNA editing extent and transcript abundance have been correlated before (Lu and Hanson, 1992) , we analysed Figure 3 . A mutated MEF8 (HXA) is unable to complement the majority of the defective editing sites in the mef8 mutant. Editing extents of the 13 sites exhibiting the most pronounced decrease of editing extent in the mef8 mutant, are given for the wild-type (WT), the mef8 mutant, the HXA transgenic plants and the HXE transgenic plants. HXA plants were obtained by transforming the mef8 mutant with a mutated version of MEF8 in which the putatively catalytic glutamate of the HXE motif is replaced by HXA. HXE transgenic plants were obtained by transforming the mef8 mutant with a wild-type version of MEF8. Values represent mean AE standard deviation (SD). Editing extent for WT, mef8 and HXA are calculated from the STS-PCR-seq and are based on two biological replicates. Editing extent for transgenic plants transformed with the wild-type MEF8 is estimated from Sanger bulk sequencing from three biological replicates.
the level of expression of seven mitochondrial genes by qRT-PCR assay. The choice of the mitochondrial genes assayed reflected the different classes of transcript in relation to the effect of the MEF8 mutation on their editing extent. CcmB transcripts experienced an increase of editing extent only at 10% of its sites, while matR, nad5, and rps3 exhibited only a decrease of editing extent on some of their sites ( Figure S2) . None of the sites in rps4 showed a significant variation in editing extent in the mef8 mutant, whereas ccmFc and rpl16 possess sites that showed either a reduction or an increase in editing extent in the mef8 mutant ( Figure S2 ). In addition nad5, rps3, and rps4 were selected because they contain a high number of sites that showed a decrease in editing extent in the MEF8 HXA transgenic plants while invariant in the mef8 mutant plant ( Figure S5 ).
We tested two pairs of primers per gene to ascertain the validity of the qRT-PCR assay. The first result is the good agreement between each set of primer pairs for all the mitochondrial genes assayed ( Figure S6 ). The second noticeable result is the overall increase of transcript abundance, both in the mef8 mutant and HXA transgenic plants when compared to the wild-type plant. The level of MEF8 expression in the transgenic plant was significantly higher than in the wild-type plant for all the genes measured, while two genes, ccmFc and nad5, showed a level of expression significantly higher in the mef8 mutant than in the wild-type plant ( Figure S6 ). Given the results of this experiment, it is unclear how the effect of the mef8 mutation on the transcript abundance can explain the different outputs on the editing extent. The overall increase of transcript abundance is not correlated with editing extent, because the variation in transcript abundance is entirely in one direction, increasing, while the variation in editing extent both increases and decreases. As an illustration, the increase in transcript abundance in the mef8 mutant versus the wild-type plant is very similar in the ccmB and matR transcripts (1.5-29; Figure S6) ; however, the variation in editing extent is in the opposite direction (Figures 1b and  2a) .
DISCUSSION
Based on the analysis of the mitochondrial editome in the mef8 mutant and in the HXA transgenic plants, we propose that MEF8 acts on editing through three processes that can be defined depending on the requirement of the glutamate in HXE and the effect of MEF8 on editing -either an increase or a decrease of editing extent.
MEF8 absolutely requires E in HXE to positively control the editing extent of its main targets
The use of STS-PCR-seq allowed the survey of 576 mitochondrial and the identification of many mitochondrial sites whose editing is impaired in the mef8 mutant. Two of these sites have been reported previously (Verbitskiy et al., 2012b) . The larger number of MEF8 targets identified in this report comes from the power of the STS-PCR-seq, a methodology which is much more sensitive than bulk sequencing of RT-PCR products . Secondly, our screen covers more sites than the 369 annotated editing sites probed in the original report (Verbitskiy et al., 2012b) . Among the 38 defective sites showing an impaired editing in the mef8 T-DNA insertional mutant, the mutated MEF8 (HXA) could not complement about 75% of these sites. In particular, the main targets or the six sites with the most pronounced reduction of editing extent in the mef8 mutant, did not show any recovery in the HXA transgenic plants.
There is mounting evidence that the DYW domain acts as the catalytic component of the editing reaction. This region contains signature motifs of known cytidine deaminase active sites: HXE and CXXCH (Salone et al., 2007) . Mutagenesis of these conserved residues, in particular the glutamate residue, have prevented RNA editing from occurring in transgenic plants (Boussardon et al., 2014; Hayes et al., 2015) , a finding that is also observed by Figure 4 . A mutated MEF8 (HXA) is able to reduce the editing extent of the majority of the editing sites showing an increase in the mef8 mutant. Editing extents of eight sites exhibiting a significant increase of editing extent in the mef8 mutant vs. wild-type (≥15%) are given for the wild-type (WT), the mef8 mutant and the HXA transgenic plants. HXA plants were obtained by transforming the mef8 mutant with a mutated version of MEF8 in which the putatively catalytic glutamate of the HXE motif is replaced by HXA. Values represent mean AE standard deviation (SD). transient expression in protoplasts (Wagoner et al., 2015) . Our results further support an active role of the glutamate residue in the HXE motif as being crucial for the editing reaction; the majority of the defective sites in the mef8 mutant, with the exception of the sites in the matR transcript, require the presence of the HXE in the DYW domain of MEF8 to be complemented in the transgenic plants. A faulty expression of the transgene cannot be the reason for a lack of complementation by the mutated MEF8 (HXA), as the level of expression of the transgene is around seven times higher in the transformed mef8 plant than in the wild-type plant. The residual extent detected in the mef8 mutant for some targets of MEF8 -cox2 C557 is edited in 50% of the transcripts in the mef8 mutant (Figure 1a) suggests that other editing factors are able to contribute to their editing extent by supplying a functional DYW domain as was proposed in the previous report describing MEF8 (Verbitskiy et al., 2012b) .
The recognition by MEF8 of its main targets likely involves binding to other trans factors
The recognition of MEF8 for its main targets is site specific; the C at position 333 on ccmFc is drastically reduced in the mef8 mutant while the next C one nucleotide away at position 334 is fully edited (Table S1 ). This site specificity is true for all the sites whose editing extent could not be rescued by the mutated MEF8. Recent co-crystallization studies determined that the succession of PPR repeats form a solenoid-like structure that wraps around single-stranded RNA (Yin et al., 2013; Shen et al., 2016) . The recognition between the PPR protein and its RNA ligand involves a one-to-one relationship between a ribonucleotide and a repeat, in which the identity of two amino acids at certain positions in the repeat is critical for RNA recognition (Barkan et al., 2012; Takenaka et al., 2013a; Yagi et al., 2013) . The specificity recognition between MEF8 and its main targets is puzzling as this protein has a short track of five consecutive repeats which is not long enough to convey a tight specificity. Moreover, the identity of the amino acids at the two critical positions of the repeats does not fit the recognition code. Nevertheless, the alignment of the sequences around the target C for editing reveals some conserved nucleotides, suggesting that MEF8 might still recognize and bind its RNA targets ( Figure 5 ). MEF8, with its short tract of PPR repeats, belongs to a small subfamily of PPR-DYW proteins. One of its members, DYW1, contains only a plastid target sequence and a DYW domain without any PPR motif. Editing of ndhD C2 is completely obliterated in the dyw1 mutant, phenocopying the editing defect of the crr4 mutant (Kotera et al., 2005; Boussardon et al., 2012) . CRR4 is a PPR-PLS protein lacking a DYW domain that recognizes and binds to the sequence surrounding the ndhD C2 site (Okuda et al., 2006) . CRR4 and DYW1 were shown to interact in planta by bimolecular fluorescence complementation (Boussardon et al., 2012) . Furthermore, a functional chimeric CRR4-DYW1 protein was able to complement the ccr4 dyw1 double mutant, suggesting that DYW1 by interacting with CRR4, provides in trans the essential function carried by its DYW domain (Boussardon et al., 2012) .
In this report, MEF8 HXA plants are shown to experience reduced editing at a large number of sites relative to the mef8 null mutation (Figure 4 and Table S4 ). This observation suggests that MEF8-HXA may act in a partial dominant negative manner to interfere with the formation of functional editosomes through the incorporation of a catalytically incompetent DYW. Alternatively, overexpression of the mutated MEF8 (HXA) might also be responsible for the sequestration of recognition factors preventing them to be incorporated into functional editosomes. These two alternative explanations are not mutually exclusive. In addition, the repressive effect of MEF8 on the editing extent of certain sites does not rely on the presence of a mutated DYW (HXA). For instance the editing extent of ccmB C576 is significantly reduced in both the wild-type and the HXA transgenic plants when compared to the mef8 mutant plants (Figure 4) . Clearly, in this instance the incorporation of a catalytically incompetent DYW cannot be the source of the reduction of the editing extent by MEF8. Thus, the CRR4/ DYW1 model may extend to MEF8, which could interact with other PPR-PLS recognition factors lacking the DYW domain. Unfortunately, the limited knowledge of mitochondrial editing factors does not allow us to further test this hypothesis. None of the recognition factors for the main targets of MEF8 [the nine sites in Figure 1a excluding the sites in the matR transcript] has been identified.
An alternative hypothesis is that binding to the RNA target and to other recognition factors is not exclusive. MEF8 could somehow use a hybrid approach to recognize its targets by binding to the RNA, like normal recognition trans factors, but also to the trans factors themselves, as DYW1 binds CRR4.
The glutamate in HXE is dispensable for the editing function of MEF8 on the sites located in the matR transcript All the defective sites located in the matR transcript were either partially or fully complemented by the mutated MEF8, thus supporting that the glutamate residue in HXE is not important for this particular role of MEF8. However, the partial complementation of certain sites suggests that the mutation slightly reduces the MEF8 activity for the sites in the matR transcript. Full complementation could possibly have been obtained in transgenic lines with higher expression of the mutated MEF8, compensating for the lesser activity of the mutated protein. The effect of MEF8 on the editing of the matR transcript is reminiscent of what was reported for ORRM4, a mitochondrial editing factor that broadly affects mitochondrial RNA editing (Shi et al., 2016) . All the known editing sites in the rpl5 transcript exhibited a reduction of editing extent in the orrm4 mutant. However the reduction of editing extent caused by ORRM4 mutation was still site specific, as it was not constant along the rpl5 transcript. Northern blots showed that the abundance of the rpl5 transcript was not affected in the orrm4 mutant, thus strengthening the hypothesis of a sitespecific effect (Shi et al., 2016) . This particular role of MEF8 in editing, positively controlling editing extent independently of the glutamate residue, is not restricted to the matR transcript. Two of the sites on the rpl5 transcript at position 35 and 47, and the ccmC C270 site were complemented by the mutated MEF8 (Table S2) . The mechanism by which MEF8 exerts its effect on matR editing is unclear. Because an earlier study has shown that a change in transcript abundance could have a pleiotropic effect on editing (Lu and Hanson, 1992) , we checked the steady state level of some mitochondrial transcripts, including matR, by qRT-PCR. Our data showed a general increase of transcript abundance in the mef8 mutant irrespective of the direction of the variation of editing extent, increase or decrease. Therefore a change in transcript abundance of the matR transcript in the mef8 mutant cannot explain the effect of the MEF8 mutation on the editing extent of this transcript. It is still possible that the MEF8 mutation could affect the turnover of the matR transcript and thus pleiotropically reduce the editing extent of its sites. Increasing the turnover of the matR transcript might kinetically prevent the editing machinery from carrying out its role.
The MEF8 protein plays an inhibitory role on mitochondrial editing
A T-DNA insertional mutation in MEF8 resulted in increased editing at 4% of the mitochondrial sites when compared to the wild-type. This effect is not negligible, as the editing extent of ccmB C576 almost doubles, increasing from 34% in the wild-type to 67% in the mef8 mutant (Figure 1b) . This event might not have functional significance since the editing at that position does not change the encoded amino acid (F ? F, 192) . However, some of the targets for the inhibitory role of MEF8 are non-silent sites upon which editing changes the encoded amino acid, for instance ccmB C379 (P ? S, 127). The inhibitory action of MEF8 maintains the editing of ccmB C379 at around 60% in the wild-type (Figure 1b) .
The accepted dogma in the plant organelle RNA-editing field posits that RNA editing is a corrective mechanism allowing the production of functional proteins by restoring the presence of conserved amino acids (Covello and Gray, 1989; Gualberto et al., 1989) . In other editing systems both edited and unedited transcripts are translated, giving rise to proteins with different biological properties (Chen et al., 1987; Lomeli et al., 1994) . The occurrence of partial RNA editing in plant mitochondria (Schuster et al., 1990; Yang and Mulligan, 1991) raises the possibility that editing could generate protein polymorphisms. By probing them with antibodies specific to each form, both unedited and edited RPS12 proteins have been shown to be present in maize and petunia mitochondria (Lu et al., 1996; Phreaner et al., 1996) . Furthermore, both unedited and edited RPS12 proteins were found in the petunia mitochondrial ribosome fraction, thus both versions of the RPS12 protein could be assembled into ribosomes (Lu et al., 1996) . While there is no evidence of useful protein polymorphism created by translation of incompletely edited transcripts, only a few proteins encoded by partially edited transcripts have been analysed to date. The inhibitory function of MEF8 on mitochondrial RNA editing maintains a certain amount of unedited transcripts; further analysis would be needed to determine whether any of the proteins thus encoded are relevant to mitochondrial function. We have recently Figure 5 . Sequences upstream of the target C for editing by an HXE-containing MEF8 contain conserved nucleotides. Forty nucleotides upstream of the target C (indicated by a red arrow) and 20 nucleotides downstream were aligned using T-Coffee software version_11.00. The alignment was displayed using GeneDoc with the conserved residue shading mode defaults (100%: white letter in black background, 80%: white letter in grey background, 60%: black letter in grey background). The alignment was restricted to the sequences for which the difference in editing extent of the targeted C between the wild-type and the mef8 mutant was at least 20%. The sites belonging to matR were excluded from this alignment because they are partially complemented by a mutated MEF8 (HXA), while the sites aligned in this figure are not.
reported the identification of ORRM5, which has also a marked inhibitory effect on mitochondrial editing. The absence of ORRM5 results in an increase of editing extent in 14% of the mitochondrial sites surveyed while only 3% of the mitochondrial sites show a decrease in editing extent (Shi et al., 2017) .
The inhibitory role of MEF8 does not need the glutamate in HXE for the majority of its targets Forty-three mitochondrial sites, or 8% of the whole mitochondrial editome surveyed, showed a decrease of mitochondrial editing extent in both HXA transgenic plants when compared to the mef8 mutant plant. The size of this population reaches 72 sites, or 12% of the whole mitochondrial editome, when the decrease of editing extent affects at least one HXA transgenic plant ( Figure S5 ). Approximately 75% of the sites exhibiting an increase of editing extent in the mef8 T-DNA insertional mutant were complemented by the mutated MEF8 (HXA). A full complementation was observed for all sites in the rpl16 transcript, while only one site was partially complemented in the ccmB transcript (Table S3 ).
All sites in nad3 that exhibited an increase of editing extent in the mef8 mutant failed to show a significant decrease in the HXA transgenic plants (Table S3 ). The simplest explanation is that the glutamate in the HXE motif of MEF8 is required to restore the editing extent to the wildtype level. However, examination of the level of editing extent in the mef8 T-DNA insertional mutant of the sites complemented by the mutated MEF8 (HXA) indicates that most of them are edited at a low-to-medium level in wildtype (Table S3) . Conversely, the sites not complemented by the mutated MEF8 (HXA) are edited at a high level in wild-type. Therefore, the failure of the mutated MEF8 (HXA) to complement some sites might not be caused by the substitution of the glutamate, but rather due to a dosage effect. This hypothesis could explain why some sites in ccmB and nad2 transcripts are complemented while others are not. If mutated MEF8 (HXA) had been expressed at higher levels in the HXA transgenic plants, complementation of sites in the nad3 transcript might have occurred.
In conclusion, we have shown that a single PPR-DYW protein affects the editing extent of an unexpected number of targets. As a comparison point, among the recognition factors with a high number of targets, we can cite the rice OGR1, another PPR-DYW mitochondrial editing factor, and the Arabidopsis SLO2, a PPR-E+ editing factor, both of which affect the editing of seven sites (Kim et al., 2009; Zhu et al., 2012) . To date, MEF13, an E type PPR protein, recognizes the highest number of targets, as this protein is required for RNA editing at eight sites in six different mRNAs in the mitochondria of Arabidopsis thaliana (Glass et al., 2015) . We have also demonstrated that MEF8 could have antagonistic effects on editing extent, and that some of these effects required the glutamate in HXE while others did not. We propose several different models to explain the diverse and antagonistic roles of MEF8 on mitochondrial editing extent (Figure 6 ). The stimulatory effect of MEF8 on editing extent requiring the glutamate residue can be modelled from the report on the CRR4-DYW1 interaction (Boussardon et al., 2012; Figure 6a) . In the models presented in Figure 6(b,c) , MEF8 brings the DYW domain to Cs targeted for editing recognized by PPR trans factors lacking this domain. This function can be supported by other PPR-DYW proteins explaining the residual extent in the mef8 T-DNA insertional mutant for most of its targets (Figure 6c) . We also offer a model for the inhibitory effect of MEF8 on editing extent in which this protein competes with other recognition factors better fitted to sustain the editing reaction (Figure 6d ). More work is necessary to support these models and to understand the determining factors contributing to the specificity of the recognition of MEF8 of its targets.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
The T-DNA insertion line for mef8, SALK-106391C, was obtained from the Arabidopsis Biological Resource Center through TAIR, and was confirmed as homozygous by PCR. Wild-type Columbia-0 ecotype seeds were obtained from Lehle Seeds (Round Rock, TX) and were used as the wild-type reference line. Plants were grown at 70% relative humidity with a 16-h light period at 22°C and an 8-h dark period at 18°C.
Transgenic plants were prepared by introduction of the following genes into the mef8 T-DNA insertion line: MEF8 (AT2G25580), MEF8-E549A (encoding MEF8 with a glutamate to alanine substitution in the HXE motif at amino acid position 549).
Gene cloning and plant transformation
MEF8 was amplified with High-Fidelity Phusion PCR from ThermoFisher (Waltham, MA, USA), and 5 0 BglII and 3 0 SalI restriction sites were introduced into each of these amplicons by primer design. The MEF8-E549A mutant gene was generated using a mutagenic primer method (Sarkar and Sommer, 1990) where the glutamate codon at position 549 was altered to an alanine codon. A list of primers is provided in Table S6 . Amplicons were cloned into the binary vector, pCHF1, using the BamHI and SalI restriction sites, and electroporated into Agrobacterium strain ASE. Plants were transformed with these vectors by the floral dip method (Clough and Bent, 1998 
RNA-editing analysis through STS-PCR-seq
Total RNA was isolated from 200 mg of green leaf tissue of 4-5-week-old plants. Leaf tissue was pulverized on dry ice and homogenized with Ribozol from AMRESCO (Solon, OH), and RNA was isolated according to the manufacturer's instructions. RNA was further purified with the PureLink RNA Mini Kit from Ambion by Life Technologies (Carlsbad, CA, USA). The purified RNA was treated with Turbo DNase from Ambion by Life Technologies (Carlsbad, CA, USA). Duplicate RNA samples were prepared from three plant lines for RNA-seq as previously described . The plant lines included wild-type (Col-0) plants, mef8 (SALK-106391C), and mef8 plants complemented with the MEF8-E549A construct.
Editing site conversion for mitochondrial and chloroplast editing sties were determined as previously described . Briefly, the RNA from samples analysed in this study, mef8 mutant, wild-type and transgenic plant, was reverse transcribed using organelle gene specific primers. After quantification, all the RT-PCR amplicons from one sample were mixed in equimolar ratio; the mix of cDNAs was then sheared by sonication and used as a template for the preparation of an Illumina True seq DNA library. In total, 79 libraries including six libraries obtained from the samples in this study were pooled in one sequencing lane of an Illumina HiSeq 2500 instrument. Data processing including read quality control, read trimming and alignment, and determination of editing sites by using a likelihood ratio test were performed as described previously .
Statistical tests used to identify changes of editing extent in the mef8 mutant vs. wild-type, and in the transgenic vs. the mef8 mutant
The significance of a difference in editing extent between a wildtype sample and a mutant sample for a certain site was achieved by chi-squared test with one degree of freedom using the number of edited and unedited reads found in each sample at that particular site. For a site to be declared significantly different, the four pairwise tests (mef8-1 vs. wt-1, mef8-1 vs. wt-2, mef8-2 vs. wt-1, mef8-2 vs. wt-2) had to fulfil the significance threshold requirement. Because of repetitive testing, we chose a nominal error rate Figure 6 . Models for the different modes of action of MEF8 on editing. (a) Model for the editing of ndhD C2 derived from Boussardon et al. (2014) . CRR4, a PPR-E protein lacking the DYW domain, is the recognition factor for ndhD C2 and binds to the transcript upstream of the C targeted for editing. DYW1 binds to CRR4 and brings the DYW domain allowing the C to be edited to U. (b, c) Models for the stimulatory effect of MEF8 on editing derived from the DYW1 model. MEF8 brings the DYW domain to editosomes containing recognition factors lacking this domain. MEF8 might bind specifically to the recognition factor in a similar way that DYW1 binds to CRR4. In addition MEF8 might also bind to the RNA target (cf. Figure 5) . In (b) the absence of MEF8 in the mef8 mutant or the absence of the glutamate residue in HXA precludes the editing of ccmFc C333. In (c) the absence of MEF8 or the absence of the glutamate residue in HXA is compensated by the redundant function of another PPR-DYW providing the DYW domain in trans. A grey arrow represents a reduction of editing extent when only one functional PPR-DYW is present. On the right of each model is a graph representing the editing extent of the wild-type (WT), the mef8 mutant (mef8) and the HXA transgenic plants (HXA). (d) Model for the inhibitory effect of MEF8 on editing. MEF8 might compete with recognition factors which have a better affinity for the RNA targets. In the absence of MEF8 in the mef8 mutant, the equilibrium is displaced towards the 'better' recognition factor allowing a more efficient editing to occur. The presence of the glutamate is not required for the competition to happen so that the editing is reduced in the HXA transgenic plant. The colour of the arrow, grey or black, and the graph on the right have the same meaning as in (b) and (c).
of P < 1.6e-6 to achieve the desired family error rate of P < 1e-3 when analysing 612 sites (36 plastid sites + 576 mitochondrial sites). In addition to this condition, the variation in editing extent, Dmef8, defined as: (% editing of the wt À % editing of mef8)/% editing of the wt, had to be either ≥0.1 (decrease of editing in the mef8 mutant) or ≤À0.1 (increase of editing extent in the mef8 mutant) for all the four pairwise comparisons. The same modus operandi was followed to test for significant difference of editing extent between the transgenic plant and the mutant plant, substituting in the test the wild-type by the transgenic plant.
RNA editing analysis through bulk Sanger sequencing
Additional assays for editing site conversion were performed using Sanger sequence analysis of bulk PCR products. cDNA was prepared with random hexamers using the GoScript Reverse Transcription System from Promega (Madison, WI, USA), and amplification of cDNA was confirmed with a RT minus control. For bulk sequence analysis, DreamTaq Green DNA polymerase from ThermoFisher (Waltham, MA, USA) was used to generate amplicons with previously published gene specific primers for the following mitochondria genes: nad5, nad6, ccmFN1, atp4, ccmFc, cox2, nad5-intron, matR and mttB. Amplicons were gel purified and sequenced by Sanger sequencing at Retrogen, Inc. (San Diego, CA, USA). Editing site conversion was calculated by T and C peak heights measured from electropherograms using BioEdit v7.2.5 software. Error bars show the standard deviation (SD) of the samples.
NOTE
While this paper was under review, Guillaumot et al. (PNAS, 114, (8877) (8878) (8879) (8880) (8881) (8882) and 114, [8883] [8884] [8885] [8886] [8887] [8888] published research which highlights the involvement of DYW2, a PPR-DYW protein related to MEF8, as a core member of E+-type PPR editosomes. Their data suggest that DYW2 provides the DYW domain to editosomes in a similar way as the model we describe for MEF8.
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